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Magnetic skyrmionium is a skyrmion-like topological spin texture that is formed by two concentric circular domain
walls. It can be used as a nanometer-scale non-volatile information carrier, which shows no skyrmion Hall effect due
to its special internal structure. Here, we report the static and dynamic properties of an isolated nanoscale skyrmionium
in a frustrated magnetic monolayer, where the skyrmionium is stabilized by competing interactions. The nanoscale
skyrmionium has a size of ∼ 10 nm, which can be further reduced by tuning perpendicular magnetic anisotropy or
magnetic field. It is also found that the nanoscale skyrmionium driven by the damping-like spin-orbit torque shows
directional motion with a favored Bloch-type helicity. A small driving current can lead to the transformation of an
unstable Néel-type skyrmionium to a metastable Bloch-type skyrmionium. A large driving current may result in the
distortion and collapse of the Bloch-type skyrmionium. Our results are not only useful for the understanding of skyrmio-
nium dynamics in frustrated magnets, but also to provide guidelines for the design of future spintronic devices based
on topological spin textures.
Topological spin textures have aroused significant inter-
est within the field of magnetism and spintronics due to
their highly possible spintronic applications1–12. Exem-
plary topological spin textures are skyrmions1 and skyrmio-
niums13,14, which can be stabilized in magnetic materials
with the Dzyaloshinskii-Moriya (DM) interaction15–19. Re-
cently, a number of studies have suggested that skyrmions
can also be found in frustrated magnetic systems, where
competing exchange interactions lead to the formation of
skyrmions at certain conditions20–44. The magnetic skyrmion
stabilized by frustrated exchange interactions shows different
static and dynamic properties to that stabilized by DM inter-
actions21,22,25–27,33,36,43, such as circular motion and helicity
rotation. However, the physical properties of skyrmioniums
stabilized by frustrated exchange interactions remain elusive.
A magnetic skyrmion is formed by a circular domain wall,
while a magnetic skyrmionium is formed by two concentric
circular domain walls13,14,45–60. A single isolated skyrmion
carries a integer topological charge3–12, which is defined as
Q =
∫
m(r) · (∂xm(r)× ∂ym(r)) d2r/4pi. However, the
skyrmionium carries a topological charge of Q = 0 and it
can be seen as a combination of two skyrmions with oppo-
site topological charges, i.e., Q = +1 and Q = −1. The
skyrmionium can be created by electric and optical meth-
ods14,51,53,54,58. Because of the absence of topological charge,
a rigid isolated skyrmionium shows dynamics that is indepen-
dent of its topological structure. Hence, the most important
feature is that a skyrmionium with Q = 0 shows no skyrmion
a)J. Xia and X. Zhang contributed equally to this work.
b)Email: ezawa@ap.t.u-tokyo.ac.jp
c)Email: zhouyan@cuhk.edu.cn
Hall effect18,19,61,62, which has been regarded as a promising
feature for reliable in-line motion in narrow nanotracks62,63.
As a result, the skyrmionium can be used as a non-volatile in-
formation carrier in spintronic applications51,55,56,58, such as
the racetrack memory62–64.
In this work, we numerically explore the skyrmionium
stabilized by frustrated exchange interactions in a magnetic
monolayer with certain perpendicular magnetic anisotropy
(PMA). We report the static properties and current-driven
dynamics of frustrated skyrmioniums with different in-plane
spin configurations.
Our simulations are based on the J1-J2-J3 classical Heisen-
berg model on a simple monolayer square lattice22,27,36,43,
where three competing ferromagnetic (FM) and antiferromag-
netic (AFM) Heisenberg exchange interactions lead to ex-
change frustration40. The Hamiltonian is expressed as:
H =− J1
∑
<i,j>
mi ·mj − J2
∑
i,j
mi ·mj
− J3
∑
≪i,j≫
mi ·mj −K
∑
i
(mzi )
2 (1)
−
∑
i
B ·mi +HDDI,
where mi represents the normalized spin at the site i, |mi| =
1. 〈i, j〉, 〈〈i, j〉〉, and 〈〈〈i, j〉〉〉 run over all the nearest-
neighbor (NN), next-nearest-neighbor (NNN), and next-next-
nearest-neighbor (NNNN) sites in the square-lattice mono-
layer, respectively. J1, J2, and J3 are the coefficients for the
NN, NNN, and NNNN Heisenberg exchange interactions, re-
spectively. K is the PMA constant. B is the applied magnetic
field. HDDI represents the dipole-dipole interaction (DDI).
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2The simulations are carried out by the object oriented mi-
cromagnetic framework (OOMMF)65 package upgraded with
homemade J1-J2-J3 exchange interactions module22,27,36.
The spin dynamics is governed by the Landau-Lifshitz-Gilbert
(LLG) equation augmented with the damping-like spin-orbit
torque22,27,36,43,64,65, given as
dm
dt
= −γ0m×heff+α
(
m× dm
dt
)
−um×(m×p), (2)
where heff = −δH/δm is the effective field, t is the time, α
is the Gilbert damping parameter, and γ0 is the absolute gy-
romagnetic ratio. u = |(γ0~/µ0e)| · (jθSH/2aMS) is the spin
torque coefficient, where ~ is the reduced Planck constant, e is
the electron charge, µ0 is the vacuum permeability constant,
a is the lattice constant, j is the applied current density, θSH
is the spin Hall angle, and MS is the saturation magnetization.
p = +yˆ denotes the spin current polarization direction.
The default geometry of the monolayer consists of 51× 51
spins, and the lattice constant is a = 0.4 nm (i.e., the mesh
size is 0.4× 0.4× 0.4 nm3). The default simulation parame-
ters are given as27,36,43: J1 = 30 meV, J2 = −0.8 (in units of
J1 = 1), J3 = −0.9 (in units of J1 = 1), K = 0.01 (in units
of J1/a3 = 1), B = 0 (in units of J1/a3MS = 1) θSH = 0.2,
α = 0.3, γ0 = 2.211 × 105 m A−1 s−1, and MS = 580
kA m−1. We have simulated the metastability diagram, which
shows the frustrated skyrmionium can be a metastable state
for a wide range of J2, J3, and K parameters (see supple-
mental material). Note that the minimum required value of J3
for stabilizing skyrmioniums decreases with increasing mag-
nitude of J2 since both J2 and J3 are AFM exchange interac-
tions that compete with FM J1.
As shown in Fig. 1, we first study the static properties
of a relaxed isolated skyrmionium in the frustrated magnetic
monolayer with PMA of K = 0.01, where we set J2 = −0.8,
J3 = −0.9, and B = 0. The spin texture is parametrized
by m(r) = m(θ, φ) = (sin θ cosφ, sin θ sinφ, cos θ) with
φ = Qvψ+η, where ψ is the azimuthal angle in the x-y plane
(0 ≤ ψ < 2pi). For the skyrmionium texture, we assume that θ
rotates 2pi for spins from the skyrmionium center to skyrmio-
nium edge. It is worth mentioning that θ only rotates pi for
the case of skyrmion1,12,13. Hence, Qv = 12pi
∮
C
dφ is the vor-
ticity and η is the helicity defined mod 2pi, which describe
the out-of-plane and in-plane structures of a skyrmionium, re-
spectively. Note that the state with η = 0 is identical to that
with η = 2pi.
Fig. 1(a) shows spin configurations of relaxed skyrmioni-
ums with Q = 0 but different helicity η = 0, pi/2, pi, 3pi/2.
It should be noted that the skyrmionium has two concentric
circular domain walls. The in-plane spin configuration of the
inner circular domain wall is directly described by the helicity
η, while the helicity of the outer circular domain wall is al-
ways equal to η+ pi. Namely, once the helicity η is given, the
in-plane spin configurations of both inner and outer circular
domain walls are determined.
The energies of relaxed skyrmioniums with η =
0, pi/2, pi, 3pi/2 are given in Fig. 1(b). The total energy and all
constituting energy terms depend on the helicity. The Bloch-
type skyrmioniums with η = pi/2, 3pi/2 are more energeti-
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FIG. 1. (a) Zoomed top view of relaxed skyrmioniums with different
helicity η in the frustrated magnetic monolayer. Here, J2 = −0.8,
J3 = −0.9, K = 0.01, and B = 0. The arrows represent the
spin directions. A single displayed arrow is a sampling of two real
spins. The out-of-plane (mz) or in-plane (mx) component of spin is
color coded. (b) Energies of relaxed skyrmioniums with Q = 0 and
different η in the frustrated magnetic monolayer with PMA (K =
0.01).
cally stable than the Néel-type skyrmioniums with η = 0, pi.
By analyzing the energy difference between the Bloch-type
and Néel-type skyrmioniums, it is found that the total energy
difference is mainly induced by the DDI, which naturally fa-
vors Bloch-type spin configurations (see supplemental mate-
rial). If we do not consider the effect of DDI, the energy of
skyrmionium will be independent of η (see supplemental ma-
terial).
We also study the effect of PMA on the static profile of
a relaxed skyrmionium. Figure 2 shows the spin configura-
tion of a Bloch-type skyrmionium with η = pi/2, which is
relaxed in the frustrated magnetic monolayer for different K.
It can be seen that the size of skyrmionium decreases with in-
creasing K. The diameter of the outer circular domain wall of
the skyrmionium is ∼ 9.2 nm at K = 0.01, while it is only
∼ 4.4 nm at K = 0.10. In particular, when K ≥ 0.11, the
skyrmionium with Q = 0 is transformed to a skyrmion with
Q = −1, which is a result of the annihilation of the inner cir-
cular domain wall. A further increase in K will lead to the
annihilation of the skyrmion. The total energy of the skyrmio-
nium also increases with K, however, when the skyrmionium
is transformed to a skyrmion, the total energy suddenly drops,
indicating the skyrmion is more energetically stable than the
skyrmionium. On the other hand, we also study the effect of
external perpendicular magnetic field B on the static profile
of a relaxed skyrmionium, where we found that the skyrmio-
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FIG. 2. Total energy ETotal and out-of-plane spin component mz
as functions of PMA K. The initial state is a relaxed Bloch-type
skyrmionium with η = pi/2 at the monolayer center. Here, J2 =
−0.8, J3 = −0.9, and B = 0. Insets show zoomed top views of
relaxed states at selected values of K.
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FIG. 3. (a) Velocities v for isolated Bloch-type skyrmioniums with
η = pi/2, 3pi/2 driven by the damping-like spin-orbit torque as func-
tions of the driving current density j. The velocity at different j
is measured when steady motion is attained. Here, J2 = −0.8,
J3 = −0.9, K = 0.01, and B = 0. (b) Trajectories for iso-
lated Bloch-type skyrmioniums with η = pi/2, 3pi/2 driven by the
damping-like spin-orbit torque. Here, j = 5 MA cm−2. The red and
blue arrows indicate the direction of motion. Inset shows top views
of current-driven skyrmioniums with η = pi/2, 3pi/2.
nium size can be adjusted by the perpendicular magnetic field
within certain range (see supplementary material).
As the Bloch-type skyrmioniums in the frustrated magnetic
monolayer are more stable than Néel-type ones, we continue
to investigate their dynamics driven by the damping-like spin-
orbit torque (see Eq. 2). Here, we assume that the damping-
like spin-orbit torque is generated by utilizing the spin Hall ef-
fect of a heavy-metal substrate6,8–10,12,64. For the sake of sim-
plicity, we ignore the effect of the field-like torque, as it cannot
drive skyrmions and skyrmioniums into directional motion19.
Figure 3(a) shows the velocities of Bloch-type skyrmion-
iums with η = pi/2, 3pi/2 driven by the damping-like spin-
orbit torque. The Bloch-type skyrmionium with η = pi/2
moves toward the −y direction, while the one with η = 3pi/2
moves toward the +y direction [see Fig. 3(b)]. Namely, the
direction of motion is parallel to the spin polarization direc-
tion p = +yˆ, and also depends on the helicity of skyrmio-
nium. However, the velocity is independent of helicity. The
Bloch-type skyrmioniums with η = pi/2 and η = 3pi/2 show
identical current-velocity relation, where the velocity is pro-
portional to the driving current density j. It is worth men-
tioning that the Bloch-type skyrmioniums moves at speed of
∼ 14.3 m s−1 driven by the current density j = 10 MA cm−2.
However, as reported in Ref. 51, the skyrmioniums stabilized
by DM interactions in conventional FM systems driven by
j = 10 MA cm−2 could reach a speed of ∼ 92.2 m s−1,
which is faster than the frustrated skyrmioniums. The reason
is that the speed induced by the same current density increases
with the size of skyrmionium51. In this work, the diameter
of the outer circular domain wall of the frustrated skyrmion-
ium at j = 10 MA cm−2 is ∼ 9 nm, while it is ∼ 90 nm in
Ref. 51. The larger size of skyrmionium leads to higher speed,
however, it may result in lower storage density. On the other
hand, it should be noted that the skyrmionium in the frus-
trated magnetic monolayer driven by a moderate damping-like
torque (i.e., j = 1 ∼ 10 MA cm−2) shows directional motion
instead of circular motion, which is different from frustrated
skyrmions driven by the damping-like spin-orbit torque27,36.
It should be noted that if the initial state is a relaxed but
unstable Néel-type skyrmionium with η = 0 or η = pi, a
small value of damping-like spin-orbit torque acting on the
skyrmionium will lead to the transition of the unstable Néel-
type helicity to metastable Bloch-type helicity. As shown in
Fig. 4(a), when a small driving current of j = 1 MA cm−2
is applied, the skyrmionium with η = 0 is transformed to a
skyrmionium with η = 3pi/2. Also, the skyrmionium with
η = pi is transformed to a skyrmionium with η = pi/2 [see
Fig. 4(b)]. The total energy of the system decreases during
the current-induced helicity transition [see Fig. 4(c)], which
indicates Bloch-type skyrmioniums are more energetically fa-
vorable.
As shown in Fig. 5, we also demonstrate that a large
driving current can result in the distortion and annihilation
of metastable Bloch-type skyrmioniums during their motion.
Figure 5(a) shows that when a large driving current of j = 20
MA cm−2 is applied, the metastable Bloch-type skyrmionium
with η = pi/2 moves toward the −y direction. However, the
spin configuration of its outer circular domain wall is distorted
soon after the injection of the driving current. At t = 270 ps,
the outer and inner circular domain walls touch each other
and the skyrmionium structure is therefore transformed into a
topological trivial bubble with Q = 0. The topological triv-
ial bubble with Q = 0 continues to move and shrink, which
is ultimately annihilated at t = 640 ps. The final state of
the system is the ground-state FM state. During the large-
current-induced distortion and annihilation of the Bloch-type
skyrmionium, the total energy of the system and the out-of-
plane spin component decreases and increases with time, re-
spectively [see Fig. 5(b)]. It is noteworthy that the total energy
of the system slightly increases before the destruction of the
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FIG. 4. Small-current-induced transition from unstable Néel-type
skyrmioniums to metastable Bloch-type skyrmioniums. [(a)-(b)]
Zoomed top view of the skyrmionium at selected times. Here, j = 1
MA cm−2, J2 = −0.8, J3 = −0.9, K = 0.01, and B = 0. The
initial helicity of the skyrmionium is η0 = 0 or η0 = pi. The arrows
represent the spin directions. A single displayed arrow is a sampling
of two real spins. (c) Total energy ETotal as a function of time t.
skyrmionium structure [see Fig. 5(b) inset], which means the
metastable Bloch-type skyrmionium is protected by an energy
barrier.
In conclusion, we have studied the static and dynamic prop-
erties of an isolated skyrmionium in a frustrated magnetic
monolayer. The frustrated skyrmionium is stabilized by com-
peting interactions, including FM and AFM exchange inter-
actions, PMA, and DDI. The DM interaction is not required
to stabilize the skyrmionium in the frustrated magnetic mono-
layer. It is found that the skyrmionium energy depends on its
helicity. The Bloch-type skyrmioniums with η = pi/2, 3pi/2
are metastable, while the Néel-type skyrmioniums are unsta-
ble. We find the size of a metastable skyrmionium can be
adjusted by tuning the PMA or applying a perpendicular mag-
netic field. The advantage of the frustrated skyrmionium is
that its size could be smaller than 10 nm, which is good for in-
creasing information storage density. We also investigated the
dynamics of skyrmionium driven by the damping-like spin-
orbit torque. It is found that the Bloch-type skyrmioniums
can be driven into steady linear motion by a moderate cur-
rent density, where the direction of motion depends on the
skyrmionium helicity and the velocity increases with the driv-
ing current density. We also demonstrated that a small driving
current can lead to the transformation of an unstable Néel-type
skyrmionium to a metastable Bloch-type skyrmionium, and a
large driving current can result in the distortion and annihi-
lation of the Bloch-type skyrmionium during its motion. We
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FIG. 5. Large-current-induced distortion and annihilation of
metastable Bloch-type skyrmioniums. (a) Top view of the skyrmio-
nium at selected times. Here, j = 20 MA cm−2, J2 = −0.8,
J3 = −0.9, K = 0.01, and B = 0. The initial helicity of the
skyrmionium is η0 = pi/2. The arrows represent the spin directions.
A single displayed arrow is a sampling of two real spins. The yellow
arrow denotes the direction of motion. (b) Total energy ETotal and
out-of-plane spin component mz as functions of time t. Inset shows
zoomed view of ETotal for t = 0 ∼ 300 ps.
believe our results are useful for understanding the skyrmion-
ium properties in frustrated magnetic spin systems, and could
provide guidelines for the design of information storage and
processing devices based on skyrmioniums.
See supplemental material for the metastability diagram of
an isolated frustrated skyrmionium and more simulation re-
sults. Supplementary Video 1 shows the current-driven mo-
tion of a frustrated Bloch-type skyrmionium. Supplemen-
tary Video 2 shows the current-induced helicity transition
of a frustrated skyrmionium. Supplementary Video 3 shows
the current-induced distortion and destruction of a frustrated
skyrmionium.
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